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CHAINEU?EAKJIGANDERANCEIN3INTEEACTIVE-PARTICIJi

DIFFUSIONCONCEPTOFQUENCHING

ByRank E. BellesandA. L. Berlad

Generalquenching-distanceequationswerederivedas extensionsof
theoriginalsimpletheoryofquenchingby cliffusionofactiveparticles.
Theseequationstakeintoaccountthepossibilityofgas-phasechain
breakingandbranchingandtheeffectoftheefficiencyofthewallsto
destroyactivepsrticles.Thegeneralcharacteristicsoftheequations

q wereexsmined.
~

Allavailabletypesofpropanequenchingdatafromtheliterature
weretreatedina consistentmanner.Thedatacovereda thirt@oldrange
ofquenchingdistancesandincludedtheeffectsoftemperature,pressure,
andpropane8ndoxygenconcentrations.Lean-to-stoichiometricmixtures

,- weretreated.

Theeffectsofelevatedinitialtemperaturewerepredictedby means
● ofthesimpletheoryjandwerefoundto agreequalitativelywiththeob-

servedtrends.

Thesimpletheorycorrelatedalltheavailablepropanequenching
datasatisfactorily.Frcmthisagreementitwasconcludedthatgas-
phasechainbreakingandbranchingmy be neglectedinthetreatmentof
quenchingdataforpropane-oxygen-nitrogenflames.Itwasalsoconcluded
thatthewallsmy be considered100percentefficientforthedestruction
ofactiveparticles.

Theseconclusionsaremeaningfulonlyinconnectionwiththegeneral
conceptsofflamequenchingby diffusionof
establishthevalidityoftheconcepts.

IN’PRODUCTION

Thequenchingactionofthewallsona

activeperticles,anddonot

flameisan importantphe-
nomenonincombustion.Considerationmustbe givento quenchinginmost

.
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(3)Chain-branchingreaction
producesmore’thanonenew

NACATN3409
%

(Thereactionof oneactiveparticle
activeparticle.) 0-

(4) Chain-breakingresection(Theactiveparticleisdestroyed.)

Activeparticlesdiffuseto thewallsofthequenchingchannelas
wellas intotheunburnedgas. Itwasassumedthata fractionc ofthe
activeparticlesthatstrikethewallsaredestroyed.Theshapeofthe
quenchingchannelhasan effectontheamo~t ofdiffusionto thewalJ-s;
itwasaseumedthattheequationsapplicabletothecaseofa channel
formedby infiniteplane-parallelplateswereapproximatelycorrectfor
longrectangularslots.Reference8 investigatedtheendeffectsofrec-
tangularslotsandfoundthattheyweresmallinmostcases.

Straight-andbranched-chainreactionspromoteflamepropagation,
whilechainbreakinginthe”gasphaseandatthewalltendsto quenchthe
flame.Thus,theflamewillbe quenchedifthechain-breakingreactions
predominate.

DerivationofEquations

Reference6 setsup thefollowingsimplecriterionfora flameto
propagatethrougha volumeelementina quenchingchannel:

—
m

xviNi=ANt
i

Equation(1)statesthata flamecannotpropagateunlessthetotalnumber
ofeffectivecollisionsofactivepmticlesisequaltoa criticalfrac-
tion A ofthetotalnumberofmoleculespresentinthegasphase.‘rhi.s
criterionhasbeenretainedinthepresentwork. htroductionofthe
factorsof chainbreakingandbranchinginthegasphaseandof incom@ete
destructionofactiveparticlesatthewallsmerelychangestheexpression
forthechainlength‘i“ .—

Generalequations;chainbreakingandbranchingingasphase;.s#l.-
Inthederivationoftheexpressionforthechainlength,itisnecessary
to introducechain-branch~and-breakingcoefficients‘f and g, re-
spectively.Thesecoefficientshavedimensionsofreciprocalsecondsand
expresstheaveragefrequencywithwhichactiveparticlestakepartin
branchingandbreakingreactions.

—
Thereisonesolutionforthecase

[
f-

[
g) > C)branchingpredominates)andtwosolutionsforthecase

g- f) >0 breaki~predominates).Thedifferentialequationfordif-
fusionofactivepsrticlesina ductformedby infiniteplane-parallel P-
platesi.sasfollows(seerefs.12 and13,andappendix):

w-
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.
d2ci

Di—
dx2

+ (fi- gi)ci+ c~ji= 0

subjecttotheboundaryconditions

Ci = cw,i

and

dci
—=
dx o

x= o

(2)

(3)

Thedetailsofthederivationaregivenintheappendix.Thefollowing
equationsareobtained:

Chainbranching:

where

(f-g)>o,

Smallamount

d2=

andd/2~(f- g)/Di

of chainbreaking:
f

< 3tf2

(4)

A
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Nf
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P

pH}p@pOH

Pi

pi{eq)

widthofrectangularslot,cm

diameterof cylinder,cm
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.

averagechain-branchingcoefficient,sec-~

chain-branchingcoefficientforactiveparticlesof onekind,
-1sec $-

averagechain-breakingcoefficient,see-l
‘“’b

chain-breakingcoefficientforactiveparticlesofonekind,
sec-1 .—

averagespecificrateconstantforreactionofH, 0,andOH
withfuelmolecules,cm3/(molecule)(sec)

powerexpressingvsriationofquenchingdistancewithinitial
@mixturetemperature,d m o

numberoffuelmoleculesperunitvolume,number/cm3
.9

numberoffuelmoleculesperuni_tvolumeinunburnedmixture
atreactiontemperature,number/cm3

numberofactivepsrticlesofonekindper
number/cm3

totalnumberofmoleculesperunitvolume,

powerexpressingtemperaturedependenceof
cient,D a @

totalpressureofmixture,atm

.

unit volume,

diffusioncoeffi-

equilibriumadiabaticpartialpressureofH, 0, andOH,
respectively,atm

partialpressureof activepert>$lesofonekind,atm

equilibriumadiabaticpartialpressureofactiveparticles
ofonekind,atm

.

.—.
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To

TR

TF(eq)

‘i
.

initialmixturetemperature,

meanreactiontemperaturein

%

preflamezone,%

equilibriumadis.baticflametemperature,%

Cartesiancoordinates

fractionoftotalnuder ofactiveperticlesstrikingwalls
thataredestroyed

chainlength;thatis,aversgenuqberof effectivecolJ_isions
ofan activeparticleof onekindwithgas-phasemolecules
beforethepsrticleisdestroyed

r -1

Oq12 ‘R n 1
~TPEPo

)]

pOH
~i-~+y 0.7
‘E ‘o ‘OH

averagetimebetweeneffectivecollisionsofan activeparticle
of onekindwithfuelmolecules,sec

ACTIWE-PARTXCIJ2DIFFUSIONCONCEPTOFQUENCHll?G

DescriptionofModel

Thequenchingeqyationswerederivedfroma generalizedformofthe
modelofthequenchingprocessdescribedinreference6. Itwasassumed
thatthelight,rapidlydiffusingactiveparticles,H, 0, andOH,are
necessaryforflamepropagationinhydrocarbon-airmixtures.Therate-
controJJingstepinthecombustionchainreactionispresumedtobe be-
tweentheseactiveparticlesandfuelmoleculesandtotakeplaceahead
ofthezoneof=imum temperaturerise. Theconcentrationofactive
msrticlesinthepreflamezoneismaintainedby diffusion.‘l%isisthe
%del treatedby ~tiordandPeaseintheirtheoryof
(refs.10andll].

Fourtypesof collisionswereconsideredbetween
andotherparticlesinthegasphase:

burningvelocity

activeparticles

{1)Collisionwithoutanyessentialeffectupontheactivepsrticle.

(2)Reactionwitha fuelmoleculeandsubsequentregenerationafter
a chainofmorerapidreactions(Aseriesof suchstepsconstitutes

—
b

a simple,straight-chainreaction.}
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studiesof otherflameproperties..Forexample,CowardandJoneshave
pointedouttheneedtomeasureconcentrationlimitsofflammabilityin
tubeslargeenoughtoprecludequenchingeffects(ref.1);Lewisand
vonElbehavedescribedtherelationofquenchingby theelectrodesto
spark-ignitionenergy(ref.2).

Forcylindersandplame-psmal.lelplates,thequenchingeffectmay
be characterizedexperimentallyintermsofthequenchingdistance,the
smallestopeningofa channelthatwillpermitflamepropagation.Quench-
ingdistancedependsonthegeometryofthechannelandonthepressure,
temperature,andcompositionofthecmnbustiblemixture.

Quenchingoffersa fieldfortheoreticalinterpretationthathasnot
beenverythoroughlyexplored.Incontrastto otherflamephenomena,it
isnotdifficulttoassignplausibleboundaryconditionstotheflamein
proximitytowalls.Forexample,thewalls-mightbe consideredtobe an
essentiallyinfinitesinkforbothheatandactiveparticles(atomsand
freeradicals),thewalltemperaturetobe theambienttemperature,and
theactive-particleconcentrationtobe zeroatthewalls.

References2 and3 describea theoryofquenchingbasedontheloss
ofheatfromtheflameto thewallthatutilizesthecombustion-wave
theoryofLewisandvonElbe. Theresultswereappliedto quenching-
distancedatainreferences2 and4. Mixturesofmethaneandpropane
withoxygenandnitrogenwereconsidered.A lesscomprehensiveanelysis,
alsobasedonheatlosstothewalls,waspresentedinreference5 to in-
terprettheeffectsofvariousinertsonthequenchingdistancesof
hydrogen-oqgen-inertmixtures.

Morerecently,equationshavebeenderivedthatexpressthequench-
ingdistanceintermsofa balancebetweenthenumberofactiveparticles
lostby diffusiontothewallsandthenumberthatmustdiffuseintothe
freshgasto sustainflamepropagation(ref.6). Theseequationshave
beentestedwithsomesuccessfora largernumberof experimentalsitua-
tionsthaneitherofthethermaltheories.Theequationsintheirpres-
entformapplyonlytolean-to-stoichiometri.cmixtures.Reference6
interpretedquenchingdistancesforlean-to-stoichiometricpropane-,
ethene-,andisooctane-airmixturesatvariousreducedpressures;the
geometricalfactortoaccountforthedifferencebetweentubesandlong
rectangularslotswasalsopredictedandreasonablyweZlconfirmed.Ref-
erence7 extendedtheapplicationoftheequationsto quenchingdistances
obtainedforpropane-oxygen-nitrogenmixturesovera rangeofpressures.
Reference8 dealtquitesuccessfullywiththepredictedandobservedgeo-
metricaldifferencesbetweencylinders,annuli,andrectangularslotsof
variouslength-to-widthratios,as comparedwiththeidealizedcaseof
infiniteplane-psrellelplates.

.
-.
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Theequationsdeveloped
. simplem@el ofthechemical

rate-determiningreactionis

inreference
processesof
betweenfuel

idlydiffusingactiveparticlesE, O,and

7

6 werebasedonthefollowing
flamepropagation:(1)The
moleculesandthelight,rap-
OE,(2)thereisno chain

breakingorbranchinginthegasphase;(3)ever~activepsrticlethat
strikesthewallsisdestroyed.

Thepurposeofthisreportisto developgeneralequationsforflame
$ quenching,basedontheactive-particlediffusionmcdelofreference6.

8
Thepreviousrestrictionssxeremoved.Chainbreakingandbranchingin
thegasphaseareconsidered>aswellas incompletedestructionofactive
particlesatthewalls.Thegeneralequationsarediscussedinrelation
to allavailabletypesofquenching-distancedataforlean-to-
stoichiometricmixturesofpropanewithoxygenandnitrogen,including
datathatshowthe,effectsof initial.mixturetemperat~e(ref.9). All
thedataconsideredsrefor“long,rectangularquenchi~channels.The
sensitivityoftheresultstothechoiceofdiffusioncoefficientsand
ofthetemperaturedependenceofthediffusioncoefficientsisalso
tested.

SYMBOLS

Thefollowings@bolsareusedinthtireport:
●

A
.

Ci

c
0,i

‘%,i

‘i

o
‘i

D;,D:,D&.

b

fractionoftotsLmoleculespresentinthegasphasethat
mustreactiftheflameisto continuetopropagate

concentrationofactiveparticlesof onekindat anypoint
acrosschannel,nuniber/cm3

rate“ofproductionofactiveparticlesof onekind,
number/(cm3)(see)

concentrationofactiveparticlesof onekindat thewalls,
number/cm3

diffusioncoefficientforactivepsxticlesof onekind, ‘
cm2/sec

diffusioncoefficientforactiveparticlesof onekindinto
unburnedgasat atmosphericpressureandinitialmixture
temperature,cm2[sec

diffusioncoefficientforE, 0, andOH,respectively,into
unburnedgasatatmosphericpressureandinitialmixture
temperature,cm2/sec
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where
.

(g- f)> O,and (g- f) d2/Di<1

Largeamountof chainbreaking:

where

(g- f)> O,and (g- f] d2/Di>2 —. .-.

No chainbranchingorbreakingingasphase;e . - Itwasdesfied
to derivethequenchingequationforthislessgeneralcasefordirect .-

comparisonwiththeresultderivedinreference6,inwhichgas-phase
-—

chainbreakingandbranchingandincompletedestructionofactiveparti- A
cles at thewallswerenotconsidered.Thedifferentialequationof
diffusionis:

●

d2ci
Di—

dx2
+ Co)i”=o {7]

subjectto theboundaryconditions

and

Ci = %,i 1
.—

x=&d[2

Thedetailsofthesolutionaregiven“intheappendix.Thefollowing
equationisobtained:

(8)
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0[(TRn
12—A- 1 - s)0.7

Z,,(e.q
‘o P

d2 = i

x

Pi
(9)

m-f $
i

Thesolutionsof equation(2)donotreduceto thesolutionof equation
(7},when f- g issetequalto zero,becausetheyae solutio~ofa
basicallydifferentdifferentialequation.

It-isalsoshownintheappendixthatthegeometryeffecttobe
expectedincomparingquenchingin cylindricalandrectangularchannels
isthessmeas thatpredictedinreference6}subjecttotheassumption
&=l.

Forthesakeofbrevity,followingreference7, eq~tion(9)- be
rewrittenas

where

L

(10)

—

~. J

APPLICATIONOFQUENCEIIWEQUATXONS

General,Equations

Thegeneralexpressionsforquenchingdistance(eqs.(4)to (6))
cannotbe cmnpletelyevaluatedatpresent.Thebasicreasonforthisis
thatthemechanismsof active-particlereactionssrenotsufficiently
understood.Forexample,themostgeneralformsofthe~q~tionssho~d.
allowforseparatechain-branchingand-breakingcoefficientsfi and
gi foreachspeciesofactiveparticle.Furthermore,fi and gi are
expectedtovarywithtemperatweJ press~e) and mixt~e composition

(ref.12,p. 36). Inviewofthelackof informationonthesesubjects,
thespecificcoefficientshavebeenreplacedby averagecoefficientsf
and g inequations(4)to (6);f and g areassumedtobe thesame
forallactivepsrticles.A stiilarprocedurewasusedinreference6,
whereindividualrateconstantski forthereactionbetweenactive
particlesandfuelmoleculeswerereplacedbyan averagerateconstantk.
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Thereisa similarlackof informationwithrespectto c, theeffi-
ciencyofthewalltodestroyactiveparticles.Therehavebeenmany ~.
studiesoftheeffectsofwallmaterialsonthelow-temperatureoxidation
ofhydrocarbons(ref.2),buttheseresultsareprobablynotapplicable
tohigh-temperatureoxidationinflames.Otherstudiesspecificallyde-

—

signedtomeasuretherecombinationofactiveparticlesonwallsarealso
ofdoubtfulvalueforthepurposesofthequenching-distanceequations.
b suchwork,csreistakentoprovidea known,reproduciblesurfacein
each,experiment;inflame-quenchingexperiments,ontheotherhand,a —
wallthathasbeenexposedtohotcombustionproductscannotbe expected 3
toremainuncontaminated.Thisisprobablythereasonfortheusual 8
failureto observeanyeffectofdifferentwallmaterielson quenching
distance(ref.9);however,expertientsinflametubes,whichwerecare-
fullytreatedbeforethepassageofeachflame,didindicatethatwall
effectscanbe observediftheworkisdoneproperly(ref.2,p. 335].

—.

Inspiteofthedifficultiesdescribed,somethingmaybe gainedby
a discussionofthecharacteristicsofthegeneralquenchingequations.
Furthermore,roughquantitativeestimatesofthequantitiesf- g and
‘g-f maybe derivedfromtheequations,withtheaidof calculatedflsxae

—

temperaturesandpqrtialpressuresof H, 0,and OH. Suchcalculations
havepreviouslybeenreported{refs.6 and7)fortherangesofp~ess~e,
propaneconcentration,andoxygenconcentrationcoveredby thequenchi~-
distancedataofreferences7 and9. Inorderto includethedataof
reference9 thatshowtheeffectsof initialmixturetemperatureon

e

quenchingdistanceinthepresentdiscussion,someadditionalvaluesof
-

equilibriumadiabaticflametemperatureandpartialpressuresofactive *
particleswerecomputedandarelistedintableI. Thecalculationswere “-‘-—”
carriedoutby thematrixmethodofreference14}USiW thethermod-ic
constantstabulatedinreference14 andtheheatofformationofpropane
inreference15.

Inasmuchasthemodelcontemplatesa flameapproachingthequenching
channelandconsiderstheeventsinsomemeanplaneofreactionaheadof
theflamefront,it isnecessaryto choosevaluesfortheterms Nf~TR~
and pi. Thechoicemadeinreference6 wasto expressthetermsas
functionsoftheequilibriumadiabaticflametemperatureandactive-
particleconcentrations,sincetheseq=tities canbe c~cfiated”The
followingrelationswerechoseninreference6,andme usedhere~:

TR= 0.7TF(eq)

(13)

Nf= 0.5Nf(TR)
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Chainbranching;equation(4).- A chain-branchingreactionoccurs
if,ontheaverage,eachactiveparticlethatdisappearsinoneofthe
stepsofthechainmechanismgivesrisetomorethanonenewactivepar-
ticle.Thus,thereisthepossibilityofa run-awayreaction;inthe
limit,thechainlengthmaybecomeinfinite,andcausea homogeneousex-
plosiop.Insucha case,thereactioncannotbe quenchedby thewalls.

Thesolutionembodiedinequation(4)issubjectto thefollowing
restrictiononthechain-branchingparameter:

(15)

Further,this‘isnotmerelya limitto therangeofvaluesforwhichthe
approximateexpressionfor‘thechainlengthholds;itisalsoa physical
limit. Forthecondition

(16)

thechainlengthbecomesinfinite(seeappendix).Sincefl~es,not
homogeneousexplosionsareof concern,andsincetheflamesareatthe
quenchingcondition,thechainlengthclearlycannotbe infinite.How-
ever,equation(16}maybe usedto estimatetheupperlimitfor f - g.
If Di is expressedintermsofthediffusioncoefficientat1 atmosphere
andinitialtemperature,

Substitutingequation(17)intoequation(16)yields

(17)

[18)

Comparisonof equation(18}withthesecondbracketedterminthedenomi-
natorofequation(4) showsthattheequationis consistentwiththefact
thathomogeneousexplosionsarenotquenchedby walls, inas~chasthe
conditionforinfinitechainlengthisalsotheconditionforzeroquench-
ingdistance.

A mixturewillcertainlyexplodeifthefrequencyofbranchingis
thesameas thefrequencyofreaction;thatis,ifeveryreactionofan
activeparticleproducesmorethanonenewparticle.Now,theaverage
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rateconstantforthereactionofactiveparticleswithfuel k seems ,.
tobe -10-13cubiccentimeterpermoleculepersecond(ref.17);the
frequencyofeffectivecollisionsbetweenactiveparticlesandfuelmole-

culesld’ifistherefore103to104persecond.Ifa singlevalueof
f- g isrequiredto satisfythecriterionof equation(18)forallthe
expertient~points,itshouldconsequentlybe ofthesameorderofmag-
nitudeas kNf inthelmt of infinitechainlength.Inspectionofthe
quenching-distancedataofreferences7 and9 andofthecalculatedvalues
of TR showsthat-f - g ~ indeedbe oftheorderof103persecond
atthelimitexpressedby equation(18).Thelimitoftheequationis
thereforeconsistentwiththestatementthata mixturewLL1explodeif
thefrequencyofbranchingisthesameasthefrequencyofreaction.

—

-r-

Ithasalreadybeenstatedthatthecoefficientsf and g are
expectedtovarywithtemperature,presswe,andcompositionofthetix-
ture,butthatlittleornothingisknownaboutthesevariationsinthe
caseofhydrocarbonflamereactions.Thequenchingequation(eq.(4))
canaddnothingtotheknowledgeofthebrapchingreactionitself.How-
ever,theterm f - g, expressinganover-allchain-branchingreaction,
maybebrieflydiscussed.If f - g isconsideredconstant(despitethe
expectedvariations),thevariableswithwhich f - g iS associated in
equation(4)showthata constantamountofover-allchainbranching
wouldbe a-moreimportantfactorinthelessvigorousmixturesinwhich

.

largequenchingdistancesareassociatedwithrelativelyhighpressures
andlowreactiontemperatures. “

ChainbreakiW; equation5 . - Ifa sufficientamountof chain
breakingtakesplaceinthegasphase,no cheticalreactionOCCUrSin >
thelimitj a flamecannotburn,nomatterhowfartheW~lS ~e separated.

Equation(5)isoneofthetwosolutionsforthecaseofover-all
chainbreakinginthegasp-e andisvslidforsmallvaluesofthe
chain-breakingparameterg - f. Therestrictionapplicable-tothis
solutionis

kaz<l
Di

or,with Di writtenintermsof D~ bymeansofequation{17),

(19)

()pd2(g-f) ‘On < ~

D; q (20)
.

.
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Equation(20)isnota physicallimit;itisonlya
. valuesofthechain-breakingparameterforwhichan

13

limitto therangeof
expressionforthe

chainlengthisa goodapproximation(seeappendix).Tf’g - f isre-
quiredtobe a constantforallthepropanequenchingdata,itsvalueis
limitedby equation(20)toabout102persecond.Thisis,atmost,only
10percentof ~ andisprobablya negligibleamountof chainbreaking.

It isseenfromequation(5)thatthe
E finiteunderthefollowingconditions:
8

0
~~n

10D;

quenchingdistancebecomesin-

= 1 (21)

Thus,whenthisconditionis satisfied,gas-phasechainbreakingisca-
pableof quenchingtheflamenomatterhowremotethewallsmaybe,and
equation(5)isconsistentwiththegeneralstatementmadeat thebegin-
ningofthissection.Equation(21)isslmostidenticalto equation(18),
whichistheconditionforzeroquenchingdistanceinthechain-branching
case.As before,theequationgivesno informationaboutthechain-
breakingreactionitse~;but,ifa constantvslueof g - f isassumed,
itwillbe a relativelymoreimportantfactorinweaklyburningmixtures.

*
Chainbreaking;equation(6).- Thelargerthefractionofmolecules

thatmustreactto sustainflamepropagation,thesmallertheamountof
* chainbreakingthatcanbe toleratedby theflame.Equation(6),which

isapplicableto largervaluesofthechain-breakingparameterg - f,
canbe shownto takea formconsistentwiththisstatement.

Itwillbe shownin a latersectionthattheassumption6 = 1 is
probablya goodone. If’equation(6)isrewrittensubjecttothisassump-
tion,thefollowingformisobtained:

‘= ~(..)+
i

(22)

4 Here,itisassumedasbeforethat g - f isa constant.
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Equation(22)
thatis,gas-phase

showsthatthe
chainbreaking

wal m 3409
.

quenchingdistancebecomesinfinite,
becomesoverwhelming,if ,

Since kNq -103.to104~J.

Thus,equation(6)

“Allavailable
by a suitableform
isto”beof value.

leads to

i

~q/P -10-3,the.,.e.yappro.im.dely,

—.

(23) “- ‘“—

!2

theexpectedrelationbetweenA and g - f.

TreatmentofExperimentalData

typesofquenching-distancedatashouldbe correlated
—

oftheequations,ifthediffusionconceptofquenching
Theliteraturecontainsdatathatshowtheeffectsof

..

pressure,fuelconcentration,andproportionofoxygenintheoxidant
atmosphereforpropane-oxygen-nitrogenmixtures(ref.7)andtheeffects ‘- ~
ofpressure,fuelconcentration,andinitialtemperature,forpropane-air
mixtures“(ref.9). Itshouldagainbe emphasizedthattheequationsdo F
notholdforrichmixturesintheirpresentform;allthedatatobe
treatedInthisreportarethereforelimitedtolean-to-stoichiometric
mixtures.

..

Ithasalreadybeenpointedoutthatthegeneralequations(eqs. .—

[4)to (6))containthechain-branchingand-breakingparametersf and ~
g aboutwhichverylittleisknown.Thereforejitisimpossibleto
evaluatetheseequationsnumericallyatpresent.

.
Jt is,however,both

possibleandinstructiveto evaluateequation(10],forthecaseof in-
complete-destructionofactivepm%iclesatthewalls,andthefo~owing
equation,derivedinreference6 ontheassumptionthateveryparticle
strikingthewallsisdestroyed:

(25)

Thefunction~ isdefinedbyequation(11).Equation[25)hasbeen
appliedtopropanequenchingdatapreviously(refs.6 to 8);buta con-
sistenttreatment-hasnotbeenusedforalltheavailabletypesofdata. ‘

~erical evaluationofanyoftheformsoftheequationsinvolvesa *
choiceofthedtifusioncoefficientsfortheactiveparticlesintothe
unburnedgasat To,anda choiceofthetemperaturedependenceofthe .
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diffusioncoefficients.Thistemperaturedependenceisexpressedby the
-a exponentn. Twodifferentsetsofvalueshavebeenusedinprevious

applications:(1)Reference6 employedthediffusioncoefficientscal-
culatedinreference16,witha temperaturedependenceDaE#; (2)ref-
erence7 gavemoresophisticatedvaluesof thecoefficients,accounted
forthesmalleffectsofpropaneconcentration,andassigneda tempera-
turedependenceD al@-67. Itwasdecidedinthepresentworktomake
separatecomparisonsof allthet~es ofdataforthetwosetsofdiffu-
fusioncoefficientsinordertodeterminewhetherthedatawerefitted
betterby onesetofvaluesthanby theother.TableII summarizesthe
twosetsofdiffusioncoefficientsandtheassignedtemperature
dependencies.

Thevaluesof ~ calculatedsubjectto a temperaturedependenceof
thediffusioncoefficientsD cc’@ willbe designated*l;thosecal-

culatedsubjectto D- @“67 willbe designated$2.

Limitingvaluesof S; c~l (eq.(10}. - Znorderto applyequation
(10)totheexperimentaldata,itwaswri~teninthefollowingform:

●

✎

where

K=(l-;)0”7

(26)

(28)

Thefactor0.7(eq.(27))expressestheaverageconcentrationofactive
psrticlesina volumeelementacrossthequenchingchannelaheadofthe
flamefrontandisintroducedbyequation{13).

Severalarbitraryvaluesofthedestruction-efficiencypsrameterK
werechosen,andthequantityV (1- K~pi(eq)/p)wascalculatedforboth

A *1 and V2. Thebracketedtermbecamenegativeinsomecasesif K was
greaterthanabout10. Largervaluesof K werethereforeruledouton
physicalgrounds,sincetheywouldleadto imaginaryquenchingdistances.

.
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Thisupperlimit
of &. Fromequation

on K permitsan estimateofthepermissiblerange
(27), .

1 10A& = .—
0.7 (29)

ThefractionofmoleculesA thatmustreactfortheflametopropagate
refersto a planeaheadofthezoneof-imum temperatureriseonthe
fresh-gassideoftheflame.It isthereforeevidentthat A cannotbe
largerthanthemolefractionoffuelattheleanlimitofflammability.
W A istakenastheleanlimit,0.0201(ref.17),equation(29)yields
& -0.7. If,ontheotherhand,A islessthaatheleanlimit,e in-
creases.Inasmuchastheupperlimitis,by deftiition,s . I, theesti-
matedrangeis0.7< e < 1. Itshouldbe notedthatthisresultcanonly
be consideredapproximate,becauseitdependsuponthechoiceofthefac-
tor0.7to expresstheaverageconcentrationofactiveparticles.

Equation(26)doesnotcorrelatethequenching-distancedatavery
well. A typicalexampleisshowninfigure1, a logarit@nicplotof —
d2 againstV2(1- KZpi[eq)/p)for K = 10jitiSassumed,as inrefer-

i
ences6 to 8,thattheratioA/k isconstant.Itwillbe notedthat
thereisa greatdealof scatterinthiscorrelation.

Evaluationof simplequenchingequations;G.1(eq. 25). . Equation “
(25)isthequenching-distanceequationdevelopedinref~en!e 6,without
considerationof chainbreakingorbranchingi;thegasphase,afidwith
theassumptionthateveryactiveparticlestrikingthewallsisdestroyed.

.—

As statedpreviously,equation(25)hasbeenusedtotreatseveraltypes
of quenchingdata{refs.6 to 8),butthedataofreference9 thatshow
theeffectsof initialmixturetemperaturehavenotpreviouslybeenana-
lyzed.Therefore,theagreementbetweentheobservedveriationof quench- ~
ingdistancewithinitialtemperatureandthevariationpredictedby
equation(25)isbrieflydescribedbeforeproceedingto a generaltreat-
mentofallthetypesofdata. —

Valuesof $ (eq.(n)) werecalculatedforinitialm~ure tempera-
turesof0°,300°,400°,6000,and7000K anda pressureof 0.9731atmos-
phere.Thedataofreference9 wereobtainedforpropane-airmixtures
at thesamepresswe,butfora morelimitedrangeoftemperatures(300°
to 558°K). Thecalculationof $ foran initialmixturetemperature
of0°K wascerriedoutwith300°K asthebasetemperatureforthedff-
fusioncoefficientsinorder.toavoidmaki@ thedenominatorof equation

equalto zero.

Fi
Y

e 2 showsplotsoftheobservedquenchingdistance,~~/2,and
.

*; 2 againstinitialtemperatureforf’ourlean-to-stoichi?xaetric ~.–
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propane-airmixtures.If,inequation(25),theratioA]k isconsidered

tobe independentof initialtemperature,theplotsOf ~/2 and $~/2

againstTo showthepredictedtrendof quenchingdistancewithinitial
temperature.Figure2 indicatesthatequation(25)givesqualitative
agreementwithexperimentinregardtotheorderandrelativespacingof
thecurvesfor3.00,3.25,3.50,and4.03(stoichiometric)percentby
vohme propaneinair,regardlessoftheassumptions-e forthe~fu-
sioncoefficient,Furthermore,thealmostlineardependenceofquenchi~
distanceon initialtemperatureobservedovertherelativelyshortrange
of conditionsstudiedinreference9 ispredictedby thevariationof W1
and *2 overthesamerange.

Thevariationofquenchingdistancewithtemperaturemaybe expressed
by theexponentm ontheassumptionthat d ocTom. As reportedinref-
erence9,m isabout0.5forstoichlometricmixturesandincreasesfor
leanermixtures.Valuesof m calculatedby themethodofleastsquares
fromthedataofreference9 sxelistedintableIII”thevaluesrange

1from0.60for4.03percentby volume(stoichiometricmixturesto 0.90
for3.00percentmixtures.Thepredictedtemperaturevariationsmaybe

1/2c T~m2.1/2ocT~mland $2obtainedfrpmtheanalogousassumptions,*1
Valuesof ml and ~ sxealsogivenintableIII,anditisseenthat
thevariationspredictedfromboth *1 and ~2 arequalitativelyco~ect
withregsrdto thedependenceonpropaneconcentration.However,the

1/2with Tovsriationof *1 islessandthatof ~lfi ismorethanis
shownby theobservedquenchingdistances.Itshouldbe notedthatthese
observationsconcerningfigure1 aregovernedby theassumptionthatthe
ratio A[k isindependentof initialtemperature;theresultsobtained
whena reasonabletemperaturedependenceisassignedarefurtherdiscussed
ina subsequentsection.Itmaybe concludedforthepresentthatthe
simplediffusionconceptofquenchinggivesfairpredictionsoftheef-
fectsof initialtemperature.

Figure3 correlatesalltheavatiabletypesofquenching-distance
databymeansofeqwtion(25).Includedaretheeffectsof initialtem-
perature,press.xrre,propaneconcentration,andproportionofoxygenin
theoxygen-nitrogenoxidantatmosphere(refs.7 and9). Otherexperiments
thatshowonlytheeffectsofgeometry[refs.6 and8)havebeenomitted.
AS statedpreviously,onlylean-to-stoichiometricmixturesareconsidered.
Logarithmicplotsareusedinorderto expandthescale;onstraightplots,
manyofthepointswouldbe neartheorigin.

Theleft-handportionsoffigures3(a)and(b)showplotsof d2
againstW1 and.*2,respectively.Straightlineswitha slopeofunity
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aredrawnthroughthepoints,ontheassumptionthattheratio A/k i.S
a constantforallthedata. It isseenthatboth $1 and ~. give
goodcorrelations;theincludedrangeof c~ditionsc~uses
foldvariationinthequenchingdistance.

However,thepointsforelevatediniti”altemperatures
sistentlyinfigure3(a]fromtheLinedefinedby therest
~ figure3(b),thecorrespondingpointslieclosertu the

G

abouta thi@y-
—
-..

deviatecon- — —
ofthepoints.
Mne. It

thereforeappearsthatincreaseoftheinitialmixturetemperatureabove
30@ K introduceseffectsthatarereasonablywellaccountedforby values %“
of ~ basedonthediffusioncoefficientsofreference7 witha tempera- $’

turedependenceI)oc@”67. However,closecomparisonoffigures3(a)
and(b)showsthatthepointsotherthanthoseforelevatedtemperatures

dz againstV1. Inareslightlybetterdistributedaboutthelinefor
addition,thepossibledependenceof A and”k oninitialtemperature
shouldbe considered.

Ikcreaseoftheinitialmixturetemperaturefrom300°to 600°K, the
approximaterangeofthedataofreference9, causesa maximumincrease
inthecalculatedmeanreactiontemperature.TR of200°K. Inasmuchas
thedataremainingcorrelatesowellinfigure3, eventhoughtheyrep-
resenta rangeof ~ from1350°to 2000°K, theaveragerateconstant

-.

isapparentlyinsensitivetotemperaturevariationforthepurposesof
.

correlation.
-

TheconstantA, definedasthefractionofmoleculespresentinthe
.

gasphasethatmustreactiftheflsmeistopropagate,mayontheother
handdependontheinitialtemperature.Reference6 showedthatquenching
distancescouldbe calculatedfromequation125)withan averagedeviation
ofonly3 percentwhen A wastakenasthemolefractionoffuelat the
leanflammabilitylimit,and k wastakenasthesemiempiricalratecon- _. __
stantderivedfromburningvelocitymeasurements(ref.16). l?Ais
actuallythemolefractionattheleanlimit,theredefinitelyshouldbe
a dependenceon initisltemperature;itiswellknownthatthelean-limit
concentrationdecreasesnesrlylinearlywithincreasedtemperature(ref.
1). Wohlhasobjectedto suchaninterpretationof A (ref.18)jnever-
theless,A maybe expectedtovsrywithtemperatureinthesamemanner
astheleanlimit,eventhoughitmaynotbe correctto setitequalto
theleanlimit.Thisconclusionisdrawnfromthebehavioroflean-limit
flames: theincreasedenthalpyofa combustiblemixturedueto a higher
initial’temperatureisjustoffsetby anequivalentdecreaseintheheat
of combustionofthelimltmixture,sothata certainminimumenthalpy
perunitareaappearstobe necessaryfora flametopropagate(refs.1
and19). It isreasonablethatsimilarconsiderationsshouldalsoapply
to otherthanlimitflames.

.

.
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ThefactorA (eq.(25))wasthereforesetequalto themolefraction

offuelattheleanflammabilitylimit.Thevalueof A wastakenas
0.0201forall.propane-oxygen-nitrogenmixturesat300°K (ref.17). No
datawerefoundintheliteratureonthevsriationoftheleanlimitof
propanewithinitialtemperature.Itwasthereforeassumedthattheper-
centagechangeinlean-limitequivalenceratioofpropanewithtemperature
isthesaneasthatdeterminedfor~-pentane(ref.1). Thisassumption
leadstoa predicteddecreaseof0.19percentby volumeinthelean-limit

0’! concentrationper100°C temperatureincrease.Theresultis corroborated
~ by a limitedsmountofunpublishedWA data,whichgivethevariationas

0.20percentby volumeper100°C temperatureincrease.

.

.

.

Plotsof dz againstAV1 and Awz areshownintheright-hand
portionsoffigures3(a)and(b),respectively.Itisagainemphasized
thatvariationof A withinitialtemperatureistheimportantfeature,
nottheabsolutemagnitudeof A. Thefiguresshowthattheelevated-
temperaturedatasrecorrelatedconsiderablybetterby Awl thanby $l;
theoppositeistruefor *2 and A~2,because*2 alonecorrelates
thesedataquitewell.

DISCUSSION

Figure3 showsthatthesimplediffusiontheoryofquenchingcorre-
latesa widerangeofquenching-distancedataquitewell..Variationsin
pressure,temperature,propaneconcentration,andoxidantatmosphereare
included.Similarresultsareobtainedwitheitherofthetwosetsof
diffusioncoefficients.However,thelogicalassignmentof a temperature
variationfor A somewhatfavorsa temperaturedependenceofthediffus-
ion coefficientsoftheform D a T2 ratherthan D c @“67 forpur-
posesofthetheory.

It-issuggestedthatquenchingdistancesforpropane-o~gen-nitrogen
mixturesmaybe reasonablywel.1.calculatedbymeansof equation(25)fl.
A istakenastheleanflammabilitylimitand k istakenasthevalue
derivedfromtheright-handlineoffigure3(a),namely,2.25x10-13cubic
centimeterpermoleculepersecond.Thevslueof A shouldbe theap-
propriateonefortheinitialmixtureconditions.

Thegeneralquenching-distanceequationsdevelopedinthisreport
cannotbe evaluatednumerically,becauseof insufficientknowledgeabout
thechain-branchingand-breakingparametersf and g. However,as
previouslypointedout,theequations.showthat,forconstantvaluesof
f- gorg- f, thesefactorswillbemoreimportantinthelessvig-
orousmixtures.Reference7 includesdataforbothweakmixtures
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(0~(02+ N2)= 0.17)andvigorousmixtures(0~(02+M2) = 0.70);i~s-
muchasfigure3 doesnotshowanyconsistentdeviationsofthesedata
fromthesimpletheory,itisconcludedthatgas-phasebranchingand
breakingneednotbe consideredinthe~enc~ng oflean-to-stoic~ome~ric.._
propane-oxygen-nitrogenflsmes.

Evaluationoftheeffectsof incompletedestructionofactiveP@i-_
clesatthewalls{eq.[10)andfig.1) showsthattheefficiencyofde-
structione cannotbe verysmall.Comp~isonoffigures1 and3 sup-
portsthisconclusion;thesimpletheory,~“ubjecttotheass~ption
6 = 1, correlatesthequenchingdatamuchbetterthandoesequation(10).

Thisdiscussionandtheconclusionsdrawnarebasedon quenchingdata
forpropane-oxygen-nitrogenmixtures.It isbelievedthattheconclusions
arevalidforotherhydrocarbonfuelsaswell,inasmuchaspropanecon-
tainsbothprimaryandsecondarycsrbon-hydrogenbonds,andiS therefore
representativeofunbranchedalkanesingeneral.Howeverjitshouldbe
emphasizedthattheconclusionsaremeaningfulonlyinconnectionwith
thegeneralconceptsofflamequenchingby diffusionofactiveparticles
andthatnoproofhasbeenadvancedfortheseconcepts.

CONCLUSIONS

Generalequationsforquenchingdistancehavebeenderived,basedon
theactive-particlediffusionconceptofquenching.Theequationsinclude
theeffectsofgas-phasechainbranchingandbreakingandof incomplete
destructionofactivepsrticlesatthewalls.

Alltheavailabletypesofpropane-quenchingdataforlongrectangu-
larslotsmaybe.wellcorrelatedby thesirqpletheory,inwhichgas-phase
chainbreakingandbranchingarenotincludedandcompletedestructionof
activeparticlesatthewallsisassumed.Thedatarepresentabouta
thirtyfoldvariationinquenchingdistance,andincludetheeffectsof
initi~temperature,pressure,proportionofoxygenintheoxidantatmos-
phere,andpropaneconcentration;however,onlylean-to-stoi.cliometric
mixturesaretreated.

Dataontheeffectsof initialtemperatureonquenchingdistance,
whichhavenotpreviouslybeentreated,agreeq@itativelY~th predicted
trends.

Applicationofthesimpletheoryto thedataindicateithatthetem-
peraturedependenceassignedtothediffusioncoefficientsforactive
particleshassomeeffectonthedegreeof correlation.Forpvoses of ..

thetheory,a dependencegreaterthan D a’@”67 (D isdiffusioncoef-
ficient;T istemperature)isfavored;however}thisshouldnotbe taken
as evidenceforthetruetemperaturedependence.

.
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llromtheagreementofthedatawiththesimpleequationthat@nores
thecomplicatingfeatures,itisconcludedthatchainbranchingandbreak-
ingmaybe neglectedinthetreatmentofquenchingdataforpropane-
oxygen-nitrogensystems.It isalsoconcludedthattheassumptionof
completedestructionofactivep=ticleson collisionwiththewallsis
valid.Itshouldbe emphasized,however,thattheconclusionsaremean-
ingfulonlyinconnectionwiththegeneralconceptsofflamequenching
by diffusion,andthatnoproofhasbeenadvancedfortheseconcepts.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,December20,1954
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APPEMDIX- QUENCEINGBY PLANE—PARALLEL

NAcxm 3409
.

PLATESOF INFINITEEXTENT —
.

Forthecaseinwhichtotaldestructionofactiveparticlesdoesnot
occuratthewallsandinwhichchainbreakingandbranchingmayoccurin
thevolume,thediffusionequationdescribingquenchingby plane-parallel
platesof infiniteextentisgivenby (ref.13)

V*DiVci+ (fi- gi)Ci+ Co,i= o (Al)
3

where,forthe ithspeciesof activeparticles, $

‘“=ivci rateofdisappearanceofactiveparticles(perunit
volume)dueto diffusiontowalls

co,i rateof creationofactiveparticles(perunitvolume)
by straight-chainreactions

o < (fi- gi)ci rateof creationofactiveparticles(perunitvolume)
duetobranched-chainreactions

o <(gi - fi)ci rateof destructionofactiveparticles(perunit
volume)dueto chain-breakingreactions

—

If it isassumedthataverage,constantvaluesmaYbe usedfor Di, -
equation(Al)maybe written,inrectangularcoordinates,

(d2ci+ d2ci

)

d2ci
.

Di——
dX2 dy2 ‘7 ‘(fi-gi)ci+co’i=o

(.A2)

Applicationtothe
platesof infinite
to

caseofthevolumecontained
extentandof separationd

betweenplane-parallel —
simplifiesequation(A2)

()d2c~Di —
dx2

+ (fi- gi)ci+ co,~= o (A3)

sub~ecttotheboundaryconditions
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. and

dci
=’0

X=o

Thethreecasesconsideredare

(A3}

1
(1)

(2)

(3)

Chain-branchingreaction,{fi- gi)>0

Chain-breakingreaction,(gi- fi)> 0

Straight-chainreaction,{fi- gi)~ O

Over-allchainbranching,(fi- gi)>0. - Integrationof equation
gives(ref.13)

Applicationoftheboundaryconditions(eq.(A4))thenyields

/— \

Theactive-particle

d/2

L

c~dx
-d 2

‘i = ~d=Co,ii

chainlengthfora particularspeciesis

L

+

givenby

)li- Cw,i
=0,i=i

.

.

(A7)

—
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d.Equation(A7)remainsfiniteaslongas ~
T
‘i -~i<z

Di 2“ Forthisrange

ofvalues,vi canbe closelyapproximatedby (ref.13)

(A8)

Fromreference6

Also

and

‘i “=&

Further,

co,i [
= kiNfNi1 + {fi- .i)%i]

anditisassumedthat

ki=k

f~=f
)

forallils

gi=g)
and

Cw,i= (1- c)O.7Nt

,

.

(A9)
.—

(Ale)
.

.

(All)

(A12)

.

(U3)

,-
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It shouldbe
simplestonethat

%, i

(A3]

25

notedthat theformchosenfor ~,i representsthe
satisfiesthecriteria~,i = O for & = 1 and

= 0.7N. for & = O.
.

L

Usingequations(A8)to @13) yields

.

d2 =

Over-allchainbreaking,(fi- gi)< 0.-
gives[ref.13)

ktegrationofequation

Applicationoftheboundaryconditions(eq.(A4))thenyields

Theactive-particlechainlengthfora givenspeciesisgivenby”

Jd[2

,i=L
.ZdCo,li

Thus,
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Forvaluesof (gi- fi)d2/Di< 1, equation{A17)maybe veryclosely
approximatedby

{A18)

If,ontheotherhnd, [gi- fi)d2/Di>2, equation{A17)canbevery
closelyapproximatedby

First,forthecasewhere{gi- fi)
maybe used,togetherwithequation

r
()TR n

12q ‘-

d2/Di<1, eqy.ations
(A18), to showthat

1(1- s)o.7~:
i

-fl-~ kNf

%, i (M9)
co,i=i

(A9) to (A13)

.

—

.

Siadluly,forthecasewhere{gi- fi)d2/Di
be usedto showthat

> 2} expression @19) may

1[kNf {1- c)0.7

‘-l-W]*

g-f

i

d=

~;(~)-.

i

..-

(A’1)
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Straight-chainreaction,(fi- gi)~ O. - h thecaseofa straight-
chatireaction,equation (A3) reduces to

dzci
Di— + Co,i = o {A22)*2

Solutionof equation[A22),subjectto theboundaryconditions(eq.(A4)),
yields

Theactive-particle chain length fora givenspeciesisgivenby

setting Co,i=
@Z4), together
lowingequation

sd[2

,i=L=A+12:=i
Td=0,i i cOjiTi

kiNfNi andusingequations(A9) to (All),(A13),

{A23)

{A24}

and
withtheassaptionthat ki = k foraU i’s~thefol-
isobtainedforthequenchingdistance:

.

(A25)
)DP,(~)]

d2=

E( )

Pi
‘f TDi

i

It is interestingtonotethatthegeometryeffect,giveninref-
erence6 forplane-parallelplatesandforcylimlricaltubes,remains
‘unchangedasa resultoftheassumptionofnonzeroactive-particlecon-
centrationsatthewall. Thisfollowsfromthefactthatsolutionofthe
diffusionequationforcylinders

ld
()

dci
FZ? ‘F

subjecttotheboundaryconditions

~ Co,i o
Di = (A26)

.

w
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Ci= Cw atthewalls

(dc~dr)= O at r .0 }

yields,forthechainlength,

d~ %,i
‘c~i= 32 DiTi-I-Co,i=i

~~) M ‘=W,3.istakentobe thesameforbothplane-parallel
andcylindricaltubes,thegeometryeffectgiveninreference6
unchanged.
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TABLEI.-
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.CAIAJLNTEDPARTIALPRESSURESOFACTIVEPARTICLESAND

EQUILIBRIUMADIABATICFLAMETEMPERATURES

Propane-airmixturesat1 atmandvariousinitid temperatures.
.

Initid! Partial Equi-
libri-
um flame
tempera-
ture,

%

Partial.
pressure
ofO atom,

attu

O.16X1O-4
1.03
1.76
4.60
7.03

Partial
pressure
ofOHradi-
cal,

atm

Propane
in ah,
percent
by vol-
ume

bemper- presswe
of’H atom,

atm
ature.
OK -

2.77X10-4
9.64
13.49
25.17
33.10

0
300
400
600
700

0. O1X1O-4
.10
●22
.85

1.53

3.00 1733
1941
2o11
2148
2214

1843
2108
2233
2293

0. 39W0-4
3.06
6.89
9.85

o.77ao-4
3.06
4.46 -
8.88

12.09

5●33X1O-4
20.52
34.63
43.53

0 0. O4X1O-4
.65
2●OO
3.27

3.25
400
600
700

0 0. 14W0-4
300 .96

1.62
600 4.06
700 6.06r

8.96x10-4
22.12
27.87
43.24
52.49

1949
2134
2193
2304
2357

2122
2273
2313
2401
2444

2073
2312
2414
2462

1966
2161
‘2229
2358
2419

1762
1958
2029
2175
2249

3050

1. Olxlo-’!
3.61
4.85
9.18
L2.26

13.19W3-4
28.90
34.20
50.KL
59.52

3.66x10-4
20.95
37”.92
48.19

0 1. 50%10-4
300 4.91

6.37
600 IL*55
700 15*19

4.03

0.08X10-4
1.73
4.88
7.40

0

600
700

2.80X10-4
10.82
18.60
23.79

4.50

0.9M0-4
4.83
7.87
18.84
27.32

2.14X10-4
7.34
10.51
20.40
27.36

O.OW1O-4
.12
.29

1.30
2.50

----
-*--
----
0.05X10-4
.14

5.00 0

%
600
700

.

—

.0.68%10-4
3.18
5.07

12.26
~18.4-7

0.06x10-4
.50
.93

3.05
5.26

6.00 0
300
400
600
700

—
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w II.- DIFFUSIONCOEFFICIENTS

FORAC!KCWEPARTICLES

I DiffusioncoefficientsI %1%2
~, cn2[sec(300°K, 1 atm) 1.80 1.02
Do,cm2[sec(300°K, 1 atm) .40 .~g

DOH,cm2/sec(30@ K, 1 atm) .28 .26
n, (Dcc~) 2.00 1.67

stoichiometric(4.03percentby volume)
propane-airmixture;ref.7.

TABLEIII.- OESERVEDANDPREDICTEDVARXATIONOF

.

.

Propanein m ml %
ah, percent (Observed,a (Pred2cted, (Predicted,
by volume daT;m) 1/2OCT:%)*:12 aT;ml)

$2

3.00 0.90 0.54 1.06
3.25 .75 .49 1.00
3.50 .68 .38 .90
4.03 .60 .34 .85

%Data fromref.9.

.
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!3
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Initialtem@rature,%

(d~~tti; datafromreference9.
F@re2.-Observedenc!lpre~ictedeffectsofinitlel
onquench~Ustence.
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Figure2.- Continued.Observedandpredictedeffectsofinitiel
temperatureon quenchingdistance.
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Figure2.- Concluded.Observedand predictedeffectsof initial
temperatureonquenchingdistsnce.
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